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BACKGROUND:
Noninvasive prenatal detection of common fetal aneuploidies with cell-free DNA from maternal plasma has been achieved with high-throughput next-generation sequencing platforms. Turnaround times for previously tested platforms are still unsatisfactory for clinical applications, however, because of the time spent on sequencing. The development of semiconductor sequencing technology has provided a way to shorten overall run times. We studied the feasibility of using semiconductor sequencing technology for the noninvasive detection of fetal aneuploidy.
METHODS:
Maternal plasma DNA from 13 pregnant women, corresponding to 4 euploid, 6 trisomy 21 (T21), 2 trisomy 18 (T18), and 1 trisomy 13 (T13) pregnancies, were sequenced on the Ion Torrent Personal Genome Machine sequencer platform with 318 chips. The data were analyzed with the T statistic method after correcting for GC bias, and the T value was calculated as an indicator of fetal aneuploidy.
RESULTS:
We obtained a mean of 3 524 401 highquality reads per sample, with an efficiency rate of 77.9%. All of the T21, T13, and T18 fetuses could be clearly distinguished from euploid fetuses, and the time spent on library preparation and sequencing was 24 h.
CONCLUSIONS:
Semiconductor sequencing represents a suitable technology for the noninvasive prenatal detection of fetal aneuploidy. With this platform, sequencing times can be substantially reduced; however, a further larger-scale study is needed to determine the imprecision of noninvasive fetal aneuploidy detection with this system. Chromosomal aneuploidy is a common cause of birth defects. Unfortunately, the diagnostic sensitivity and specificity of current screening programs for fetal chromosomal aneuploidy have been unsatisfactory (1 ) . The discovery of cell-free fetal DNA in maternal plasma (2 ) has led to the introduction of a new method of noninvasive fetal aneuploidy detection that uses nextgeneration sequencing (3) (4) (5) . This method has been tested widely in clinical applications in recent years (6 -8 ) .
The current next-generation sequencing platforms have several weaknesses, however, and these limitations need to be addressed before these platforms can be used in routine clinical applications. These weaknesses include poor sample scalability, high cost, and a long sequencing time (2 to 3 days). A new benchtop sequencing instrument developed by Ion Torrent (owned by Life Technologies), based on semiconductor sequencing technology, can solve many of these problems (9, 10 ) . The Ion Torrent Personal Genome Machine (PGM) 6 can use this new sequencing technology to generate approximately 5 ϫ 10 6 reads of 200 bp on 318 chips within several hours, and the data output is expected to increase further with the Ion Proton instrument, which is expected in the near future. Because of its advantages with respect to flexibility, speed of sequencing, and cost of the instrument, compared with other next-generation sequencing platforms, this type of platform would be more suitable for noninvasive fetal aneuploidy detection in clinical settings. To test the feasibility of using semiconductor sequencing technology for noninvasive detection of fetal aneuploidy, we used the PGM to sequence 13 previously characterized plasma DNA samples from pregnant women.
Plasma samples from 13 individuals-6 with trisomy 21 (T21) pregnancies, 2 with T18 pregnancies, 1 with a T13 pregnancy, and 4 with euploid pregnancies (all with karyotype-confirmed results)-were recruited from BGI-Health. All plasma samples were obtained during the second trimester (range, 13ϩ6 weeks to 29 weeks; for details, see Table 1 in the Data Supplement that accompanies the online version of this Brief Communication at http://www.clinchem.org/content/ vol59/issue5). Cell-free DNA was isolated from 600 L plasma with the TIANamp Micro DNA Purification Kit (Tiangen Biotech). The sequencing library was prepared according to the manufacturer's instructions. The library was loaded onto an Ion 318 chip, and single-end sequencing was performed on the PGM with a standard 110-cycle run.
The data were initially processed with the Ion Torrent platform-specific pipeline software (Torrent Suite, version 2.0.1) to generate sequence reads, trim adapter sequences, and filter out low-quality reads. We obtained a mean read length of approximately 169 nucleotides (see Fig. 1 in the online Data Supplement), which is consistent with the length distribution of plasma cell-free DNA reported by Lo et al. (11 ) .
Ion Torrent's mapping program (TMAP, version 0.2.3; https://github.com/iontorrent/TMAP) was used to align the generated sequence data to the hg19 human reference genome. The data were filtered further by removing duplicate reads (SAMtools, version 0.1.18), unmapped reads, reads with a mapping quality Ͻ10, and reads with lengths Ͻ35 bp (because information provided by reads Ͼ35 bp is more reliable). We obtained a mean of 4 506 952 (SD, 695 493) raw reads for each sample. A mean of 3 524 401 (SD, 728 849) reads per sample, representing 77.9% (SD, 9.71%) of the raw data, remained after filtering.
As with the Illumina platform (3 ), a GC bias was observed in the sequence data. The tag density was overrepresented in regions with a moderate GC content, and it was underrepresented in regions with a higher or lower GC content (see Fig. 2 in the online Data Supplement; for details of the calculation method see the Supplemental Methods file). The correction method reported by Fan and Quake (12 ) was introduced to eliminate the effects of GC bias. In brief, for each sample we divided all chromosomes into 60-kb segments, called "bins." The read number and GC content were calculated for each bin. A smooth spline was applied to fit the read number of all the bins to the GC content; bins with no reads or overabundant reads were ignored. The assigned weights (w) were calculated as:
where M is the global mean read number per 60-kb bin and M ip is the predicted read number of the ith bin for the GC content fitted by the smooth spline. The read number of each bin was corrected by multiplying by the w factor; all read numbers presented in this report are corrected read numbers. The GC bias was eliminated almost completely after these processes (see Fig.  3 in the online Data Supplement). Samples from T13, T18, and T21 fetuses are expected to have higher read numbers for chromosomes 13, 18, and 21 than for euploid autosomes. The T statistic was used to quantify the overrepresentation of clinically interesting chromosomes (e.g., chromosome 21). After the GC correction, the baseline was constructed by selecting 2 normal samples as a reference. We then normalized the corrected number of sequencing reads for each bin of a test sample to this baseline (see Supplemental Methods file in the online Data Supplement). The T value for each sample was calculated with the formula:
, where i and j are the mean corrected read numbers per bin for chromosome i and chromosome j, and:
where i is the SD of the read number per bin of chromosome i and n is the number of bins. For each sample, the T statistic was used to quantify the overrepresentation of each clinically interesting chromosome (e.g., chromosome 21) relative to the other 21 autosomes, and then the mean T values for chromosomes 13, 18, and 21 were calculated. To minimize the bias, we removed the 2 maximum values and the 2 minimum values before calculating the mean T values, because some extreme conditions, such as aneuploidy at 2 or 3 autosomes, can occur. The T value calculated by comparing 2 aneuploidy autosomes will be abnormal and is not suitable for the calculation in the next step. The absolute value of a mean T value Ն3.3 was used as the threshold for the detection of abnormal chromosomes, with values above this threshold indicating that the mean number of reads per bin for that chromosome was significantly different from that of the other chromosomes at an ␣ level Ͻ0.001 (2-tailed test). Our data show that women carrying T21 fetuses can be correctly distinguished from women carrying disomy 21 fetuses (Fig. 1) . The chromosome 21 T values for the 6 T21 cases (cases 8 -13) were Ͼ3.3, whereas these values were Ͻ3.3 for the 4 euploid cases (cases 1-4) (see Table 2 in the online Data Supplement). The T18 pregnancies (cases 6 and 7) and the T13 pregnancy (case 5) were also identified correctly. The calculation of the proportion of fetal DNA for the aneuploid samples was based on the overrepresentation of the abnormal chromosome, and the values ranged from 7% to 20% (see Table 2 in the online Data Supplement).
The percentage of reads for the Y chromosome for male fetuses was Ͼ0.034%, whereas this percentage was Ͻ0.034% for female fetuses (see Fig. 4 in the online Data Supplement). The Y chromosome signal observed for female fetus samples could be due to false alignment of a small number of sequences with the Y chromosome, which may be caused by the presence of homologous sequences in the X and Y chromosomes. In this study, samples from male fetuses and those from female fetuses could be distinguished when we introduced a cutoff value of approximately 0.034%; however, whether this method can be used for sex determination needs to be evaluated in further studies.
The processing time was 24 h for the PGM, compared with 61 h for the HiSeq 2000 system (Illumina); thus, the time required for the PGM analysis was substantially shorter (see Table 3 in the online Data Supplement).
In this study, we confirmed that semiconductor sequencing technology can be used for noninvasively detecting fetal T21, T18, and T13. Because of the advantages with respect to the sequencing speed, the lower cost of the semiconductor sequencing instrument, and the flexibility in the throughput, this technology should be suitable for clinical applications. Although semiconductor sequencing has difficulty detecting homopolymer stretches, this drawback did not have an obvious effect on aneuploidy detection in our study, because the low-quality reads were filtered out before the analysis. GC bias was also observed with the semiconductor sequencing platform. After the correction, the GC bias was removed effectively for reads with GC contents ranging from 0.3 to 0.55; however, noise can still be observed in the regions with a GC content Ͼ0.55 (see Fig. 3 in the online Data Supplement). This noise may be caused by the insufficient number of reads in each bin in that region, which is only approximately 1.7% of the total reads on average. Because only a few reads had a GC content Ͼ0.55, the results were not affected. Although only 5 ϫ 10 6 raw reads can be produced with the PGM and 318 chips (which means 1 sample per chip), the positive and negative samples could still be distinguished in this study. The forthcoming Ion Torrent Proton platform, which is based on the same sequencing technology, can produce more data. Sixteen samples can be analyzed per run with the Ion Torrent Proton I, which may improve the statistical power further by allowing multiple samples to be run on 1 chip. Cases with T values Ͼ3.3 for a specific chromosome (13, 18, or 21) were classified as T18, T13, or T21.
